Although exceptional examples of adaptation are frequently celebrated, some outcomes of natural selection seem far from perfect. For example, many hoverflies (Diptera: Syrphidae) are harmless (Batesian 1 ) mimics of stinging Hymenoptera 2 . However, although some hoverfly species are considered excellent mimics, other species bear only a superficial resemblance to their models 3 and it is unclear why this is so. To evaluate hypotheses that have been put forward to explain interspecific variation in the mimetic fidelity of Palearctic Syrphidae we use a comparative approach. We show that the most plausible explanation is that predators impose less selection for mimetic fidelity on smaller hoverfly species because they are less profitable prey items. In particular, our findings, in combination with previous results, allow us to reject several key hypotheses for imperfect mimicry: first, human ratings of mimetic fidelity are positively correlated with both morphometric measures and avian rankings, indicating that variation in mimetic fidelity is not simply an illusion based on human perception 4 ; second, no species of syrphid maps out in multidimensional space as being intermediate in appearance between several different hymenopteran model species, as the multimodel hypothesis 5 requires; and third, we find no evidence for a negative relationship between mimetic fidelity and abundance, which calls into question the kin-selection 6 hypothesis. By contrast, a strong positive relationship between mimetic fidelity and body size supports the relaxed-selection hypothesis 7, 8 
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Although exceptional examples of adaptation are frequently celebrated, some outcomes of natural selection seem far from perfect. For example, many hoverflies (Diptera: Syrphidae) are harmless (Batesian 1 ) mimics of stinging Hymenoptera 2 . However, although some hoverfly species are considered excellent mimics, other species bear only a superficial resemblance to their models 3 and it is unclear why this is so. To evaluate hypotheses that have been put forward to explain interspecific variation in the mimetic fidelity of Palearctic Syrphidae we use a comparative approach. We show that the most plausible explanation is that predators impose less selection for mimetic fidelity on smaller hoverfly species because they are less profitable prey items. In particular, our findings, in combination with previous results, allow us to reject several key hypotheses for imperfect mimicry: first, human ratings of mimetic fidelity are positively correlated with both morphometric measures and avian rankings, indicating that variation in mimetic fidelity is not simply an illusion based on human perception 4 ; second, no species of syrphid maps out in multidimensional space as being intermediate in appearance between several different hymenopteran model species, as the multimodel hypothesis 5 requires; and third, we find no evidence for a negative relationship between mimetic fidelity and abundance, which calls into question the kin-selection 6 hypothesis. By contrast, a strong positive relationship between mimetic fidelity and body size supports the relaxed-selection hypothesis 7, 8 , suggesting that reduced predation pressure on less profitable prey species limits the selection for mimetic perfection.
Much of evolutionary theory relating to mimicry has been based on the assumption that the fidelity of mimicry in any given system is extremely high (reviewed in ref. 9) . Of course, if mimicry were poor, one might intuitively expect that signal receivers would learn be able to distinguish mimics from their models and (depending on context) accept or reject them. In reality, however, there are many examples of inaccurate or low-fidelity mimics 3, 5, 6, 8, 10 . For example, the relative compositions of key odour compounds of specific non-rewarding orchids differ markedly from the bees they have evolved to resemble 10 . Similarly, although mimetic spiders of the genus Cosmophasis bear some resemblance to ants, they are readily visually discriminated by the human observer 11 . Perhaps the best examples of imperfect mimics are found in hoverflies (Diptera: Syrphidae), which are considered Batesian (harmless) mimics of hymenopteran models 2 but seem to vary markedly across species in the degree of mimetic perfection 3, 12 (see Supplementary Fig. 1 ).
Numerous hypotheses have been proposed to explain the evolution and maintenance of 'imperfect' mimicry, but despite calls for study there have been no comparative tests of their validity 6, 13 . Common (and interrelated) explanations include the following: first, 'eye of the beholder', such that poor mimics to human eyes remain good mimics to natural predators 4 ; second, 'multimodel', such that mimics gain most benefit from imperfect similarity to multiple models 5 ; third, kin selection, such that imperfect mimicry is maintained through its benefit to conspecifics carrying the same trait 6 ; fourth, constraints such that some factor limits the evolution of more perfect mimicry 14 including trade-offs (for example mimetic perfection versus thermoregulation 14 or camouflage 15 ), phylogenetic constraints on body plan, or lack of genetic variation; and fifth, relaxed selection, such that selection for mimicry gradually weakens to a point at which it is readily counteracted by weak selection or mutation 7, 8 (see Supplementary Information for additional hypotheses). Here we describe new comparative morphological and genetic data that allow us to evaluate which of these hypotheses are best able to explain the range of mimetic perfection seen in hoverflies.
A long-standing challenge in elucidating the ultimate causes of imperfect mimicry is that of quantifying the extent of mimetic fidelity between mimics and models, which frequently differ in multiple trait dimensions ranging from colour to shape. Previous measures of mimetic fidelity have used human rankings 16 , pigeon responses 12, 17 , pixel mapping 12 , neural networks 16 and multivariate analyses 18 . We employed subjective human rankings of mimetic fidelity (hereafter f HR ; see Methods) across a range of species that were compared for consistency against a measure derived from a multivariate analysis of trait values (hereafter f MD ; see Methods).
Overall, our morphological analysis of 38 syrphid species and 10 hymenopteran model species indicated that there was a clear statistical difference in appearance between the two taxa (Syrphidae and Hymenoptera) (nested multivariate analysis of variance: taxon, F 1, 427 5 797.77, P , 0.001; species, F 47, 427 5 11.03, P , 0.001). The first three canonical variates in a generalized canonical discriminant analysis (GCDA) explained 80.6% of the variance between the species in terms of their morphological features (individually: 41.1%, 20.4% and 19.2%). The Mahalanobis distances between each of the syrphid species and each of the Hymenoptera groups were calculated from these three canonical variates. This measure was multiplied by 21 to give a quantity, f MD , that is positively related to mimetic fidelity. Syrphids and hymenopterans tend to cluster with their respective orders, largely on the basis of relative length of antennae (L ant ), a feature that is thought to be used in discrimination by birds 16 . The multimodel hypothesis 5 would predict that mimics fall between several models, gaining greater benefit from multiple, weaker associations. Our analysis clearly indicates that there are no mimetic phenotypes in our sample that could be considered to be falling morphologically between two or more distinct model phenotypes (Fig. 1) .
The eye-of-the-beholder hypothesis recognizes that the natural predators of mimics (such as birds) and humans differ in both their perception and cognitive abilities, and argues that the apparent variation in mimetic perfection is therefore illusory and/or misleading. However, our multivariate measure of mimetic fidelity correlated well with our human ranking (r 5 0.555, d.f. 5 36, P , 0.001; Fig. 2 ), whereas similar work indicates that trained pigeons rank mimetic fidelity of hoverfly species in much the same way as humans do ( Supplementary Fig. 2 ). Additional results suggest that behavioural mimicry (antenna waving, mock stinging, wing wagging) occurs only in species that humans classify as high-fidelity mimics (H.D.P., C.H., J.H.S. and T.N.S., unpublished observations), further suggesting that the human-based quantification of mimetic perfection is ecologically relevant. Taken together, these findings suggest that we can discount the eye-of-the-beholder hypothesis as an explanation for interspecific variation in hoverfly fidelity.
It has been stated frequently that, within hoverflies at least, poor mimics tend to occur at higher population densities than good mimics 3, 5, 12 . Although this relationship is plausible, it remains entirely anecdotal. The kin-selection hypothesis for imperfect mimicry not only assumes a degree of family grouping (which is unlikely in hoverflies 3 ) but also predicts that the evolved degree of mimetic perfection will be lowest when mimics are relatively common and/or relatively beneficial to attack in comparison with their models 6 . This prediction arises from the assumption that predators that are largely unable to distinguish mimics from models will sample those high-fidelity mimics at a greater rate when the incentive to attack is greater. The constraints 14, 15 and relaxed-selection 7, 8 hypotheses predict the opposite, namely that the evolved degree of perfection will be highest when mimics are relatively common and/or relatively beneficial to attack as a result of the increased selection pressure to avoid predation through mimicry. A meta-analysis of 11 independent studies (Supplementary Table 1 ) demonstrated no evidence of a strong correlation between relative abundance and either measure of mimetic fidelity in our 38 focal species, either before controlling for phylogenetic autocorrelation (f HR , r 5 0.065 (95% confidence interval (CI), 20.052 to 0.181); f MD , r 5 0.001 (95% CI, 20.149 to 0.152)) or after controlling for phylogeny by using phylogenetic generalized least-squares regression for a subset of 31 species ( Fig. 3 ) (f HR , r 5 20.083 (95% CI, 20.031 to 0.198); f MD , r 5 0.223 (95% CI, 0.058-0.389)). Note that this latter correlation between f MD and abundance was significant (the 95% CI did not overlap zero) and positive, indicating that in this case poor mimics tend to be less common. Therefore, on the basis of our sample of species (that is, those sufficiently common to appear regularly in systematic field surveys) we found no evidence that good mimics tend to be rarer ( Supplementary Figs 3 and 4) .
The constraints 14, 15 and relaxed-selection 7, 8 hypotheses suggest that smaller-bodied (and thus less nutritionally profitable 19 ) species will endure low levels of predation, even if they are poor mimics, which produces weaker selection for improved mimicry; the kin-selection hypothesis predicts the opposite (see above). Therefore the relationship between the body size of hoverfly species and their mimetic fidelity was assessed. There was a highly significant relationship between body size (principal component 1; 2PC1) and f HR both before controlling for phylogeny (Pearson's correlation, r 5 0.680, d.f. 5 36, P , 0.001) and after controlling for phylogeny (phylogenetic generalized leastsquares regression, t 5 4.693, P , 0.001). The relationship between body size and f MD was also highly significant before controlling for phylogeny (r 5 0.632, d.f. 5 36, P , 0.001) and after controlling for phylogeny (t 5 3.005, P 5 0.005); see Fig. 4 . Finally, our meta-analysis indicates that the relative abundance of hoverfly species was only weakly (negatively) correlated with their body size before controlling for phylogeny (r 5 20.132 (95% CI, 20.239 to 20.024)) and after controlling for phylogeny (r 5 20.240 (95% CI, 20.476 to 20.005)), and it is clear that this relationship is not consistent across studies (Supplementary Fig. 5 ). 
RESEARCH LETTER
The constraints and relaxed-selection hypotheses both suggest that larger, more profitable species will tend to achieve a higher degree of mimetic fidelity at equilibrium, as a result of the greater underlying incentive on predators to attack them. Other factors influencing profitability might include evasive flight behaviour, but predation of hoverflies by birds takes place largely on flowers 3 . Of course, the predicted evolutionary trajectory for small and large mimics is less obvious if larger-bodied species are rarer than smaller-bodied species 18, 20 ; however, as noted above, there is no consistent evidence that this is true. Similarly, our expectation that selection might be less intense on small species because they are less valuable prey might not hold if predators rely heavily on body size as a trait to distinguish mimics from models 21 (hymenopteran models tend to be larger). Thus, if predators were highly sensitive to difference in body size, then depending on conditions there might be a complete relaxation of selection on mimicry in small species (because they are always attacked regardless of mimetic fidelity), leading to the same general outcome we have observed, or even stronger selection mimetic fidelity in small species as a way to counteract size-based discrimination. Nevertheless, there is evidence that predators cannot discriminate perfectly between mimics and models on the basis of body size 21 , and so our profitability interpretation seems the most reasonable.
Mimicry provides a textbook example of adaptation, but researchers have long debated why the fidelity of many imperfect mimics is not further improved by natural selection. Our study represents the first attempt to evaluate multiple hypotheses for imperfect mimicry in the group best known for it, and the first to reveal a significant pattern. Of the five primary hypotheses that we evaluated, our comparative study is only consistent with the constraints and relaxed-selection hypotheses while questioning the assumptions and predictions of the kin-selection, eye-of-the-beholder and multimodel hypotheses. Our revelation of a strong positive relationship between body size and mimetic fidelity is readily explained if body size influences predation behaviour and thereby the intensity of selection for more perfect mimicry. Indeed, relationships between body size and the evolution of aposematic coloration in dendrobatid frogs 22 and putative snake mimicry in Lepidoptera 23 may also be explained by the kinds of processes we have invoked. The fact that we can explain the variation in mimetic fidelity on the basis of a relaxation of selection on mimetic fidelity alone, without the need to invoke a specific constraint to generate counter-selection, renders the relaxed-selection hypothesis entirely sufficient to explain the variation we have documented, but we cannot discount the constraints hypothesis. Whether the patterns we have revealed are observed in other mimicry complexes remains to be seen. However, it is clear that the comparative method will be important in evaluating the various explanations not only for imperfect mimicry but for limits to adaptation in general. Figure 3 | Phylogenetic relationships between the 31 hoverfly species (Diptera: Syphidae) for which fidelity and body-size data exist. Shaded bars show the species' mimetic fidelity (f HR ), and open bars show the species body size (2PC1). In both cases, the length of the bars is scaled from smallest to the largest score for the species shown. The model for each hoverfly species is shown at the right (W, wasp; B, bee). See the text for details of the tree construction methods, and Supplementary Fig. 6 for the phylogeny of all 81 species for which the cytochrome oxidase c subunit I (COI) gene has been sequenced. 
LETTER RESEARCH METHODS SUMMARY
We focused on 35 hoverfly species recorded in the most extensive multiannual abundance data set available 24 (see Supplementary Table 2 ) and three additional high-fidelity mimics. Phenotypic characters relevant to avian perception were measured from photographs of the 38 species. These characters included antenna length (L ant ), abdomen length (L ab ), abdomen width (W ab ), thorax width (W th ), wing length (L wing ), all expressed relative to head width (W head ). The mean red, green and blue colours (R, G and B) of the abdomen and associated standard deviations (sd R , sd G and sd B ) were estimated. Finally, the number and colour of patches and/or stripes were recorded (Stripe, Patch, StripePatchCol). The Mahalanobis distances between species' centroids when these multivariate data were plotted in multivariate space gave a measure of mimetic fidelity, f MD , and a principal components analysis of linear dimensions gave a measure of body size (2PC1, because the first principal component was negatively correlated with size). A sample of the photographs, all dorsal view and of the same apparent size, representing two different individuals of each of the 38 syrphid species, were rated by human volunteers (n 5 21) for similarity (from 1 (very poor mimic) to 10 (excellent mimic)) to photographs of a wasp, honeybee and bumblebee. The highest average rating provided a second measure of mimetic fidelity, f HR .
We calculated the relative abundance of our species from 11 independent studies on the basis of a range of trapping and survey methods. The CO1 gene was sequenced for 77 species of 21 genera of Syrphidae, including 31 species for which we have morphological data, and phylogenetic trees were constructed by using Bayesian methods. Relationships between variables were evaluated with control for phylogenetic autocorrelation (using phylogenetic generalized leastsquares regression) and without control for phylogenetic autocorrelation (using Pearson correlations). For the abundance analysis, weighted-mean correlations (r) and 95% confidence intervals were calculated across all 11 studies.
METHODS
Mimetic fidelity. Specimens. We focused on the hoverfly species recorded in the most extensive (more than 40,000 specimens) multiannual (15 years) abundance data set available 24 ; see Supplementary Table 2 for a species list. We took photographs of the dorsal and lateral aspects of pinned specimens of 35 species that were included in this focal data set and present in sufficient numbers at the Canadian National Collection of Insects and Arachnids, Ottawa, Canada. Three additional hoverfly species were included to increase the number of high-fidelity mimics, and ten hymenopteran species representing a broad array of potential models (vespid wasps, polistine wasp, honeybee and bumble bees) were also photographed. Photographs were taken of ten individuals (five males, five females) for each of the 38 syrphid species, and ten individuals of each hymenopteran species (all female). All the photographs were taken with a Canon EO5 50D camera with macro lens (100 mm) and microtwin light (MT-243X).
Human rankings. A sample of the photographs, all dorsal view, representing two different individuals of each of the 38 syrphid species were collated. Human volunteers (n 5 21) were shown each photograph in random order on a projector screen for 20 s, alongside the same images of a wasp (Vespula vulgaris), honeybee (Apis mellifera) and bumblebee (Bombus impatiens). Each hoverfly and model image was presented at magnifications such that they had the same projected body length. Human subjects were asked to rank each syrphid on a scale of 1 (very poor mimic) to 10 (excellent mimic) for each of the three potential models (wasp, honeybee and bumble bee). The human rank of mimetic fidelity identified the model type to which the potential mimic bore the closest resemblance (based on overall mean score for images of that species) and provided a measure of mimetic fidelity, f HR .
Multivariate ratings. A range of attributes were extracted from individual photographs of specimens of the syrphids and hymenopterans described above, using ImageJ (http://imagej.nih.gov/ij/). Specimen phenotypic characters were selected on the basis of their relevance to avian perception (taken from ref. 16 ). Body dimensions comprised antenna length (L ant ), abdomen length (L ab ), abdomen width (W ab ), thorax width (W th ) and wing length (L wing ), all expressed relative to head width (W head ). Mean red, green and blue colours (R, G and B) and the standard deviation of RGB (sd R , sd G , sd B ) of the abdomen were also measured with Corel PhotoPaint X3. Finally, the number and colour (classified by the observer as white, grey, silver, yellow, orange or brown) of patches and/or stripes were also recorded (Stripe, Patch, StripePatchCol). Note that our RGB estimates were unstandardized and we did not transform our measurements into avian (or any other potential predator's) colour space. However, our estimates do capture (albeit coarsely) some of the variation in colour that is likely to be perceived by humans, birds and insects. Moreover, we note that the relationship we presented between human and multivariate measures of mimetic fidelity (see the text) remains significant (albeit weaker) even when we remove RGB and the number of stripes and patches, retaining only measurements of the physical dimensions of specimens (r 5 0.369, d.f. 5 36, P 5 0.023).
A GCDA was used to identify combinations of variables that serve to discriminate between one or more groups of data on the basis of differences between them using the candisc library 25 in R (ref. 26). Each potential mimic species is represented by a centroid in multivariate space representing the mean GCDA variates of the individual specimens of that species. Typically, each model species centroid clustered closely around its taxonomic group centroid. The distance between species' centroids (the Mahalanobis distance) represents a multidimensional measure of the morphological similarity between species. Although we cannot confidently assign specific hymenopteran models to each mimic, it is possible to distinguish bee mimics from wasp mimics. Therefore, the average of the distances between each mimic centroid and the centroids of the bee and wasp models was calculated to give a score for mimetic fidelity for each mimic to its putative model group. The smallest mean Mahalanobis distance from the hoverfly species to its potential model type (bee or wasp) again provided a measure of mimetic fidelity. Because Mahalanobis distances were negatively related to mimetic fidelity, we invert those distances to give a measure of mimetic fidelity that is easier to interpret: f MD . Quantification of body size. The body size of each of the 38 syrphid species photographed was quantified by conducting a principal components analysis on body dimensions (expressed in absolute terms) mentioned above. The first principal component (PC1) explained 82.9% of the variation in the data, was strongly negatively correlated with all six body dimensions (r , 20.81, P , 0.001 in all cases), and was taken as a composite measure of body size. Because PC1 was negatively correlated to body size measures, we refer to 2PC1, which is positively correlated with body size, in the results as an aid to interpretation. Abundance. We identified 11 independent studies that provide estimates of relative hoverfly abundance based on a range of trapping and survey methods (see Supplementary Table 1 for full details). These studies included between 3 and 35 species for which we had detailed morphological data (hence estimates of mimetic fidelity). Where multiple years of data were presented, this was based on the arithmetic mean count of each species trapped per year over the whole period of recording. These data were considered reasonably indicative of abundance, as there was a general tendency for the relative abundance of hoverfly species to correlate between studies based on a range of trapping methods (see Supplementary Table 3 ). Phylogenetic analysis. A total of 77 species of 21 genera of Syrphidae are included in the ingroup (Supplementary Table 4) , including 31 species for which we have morphological data (Fig. 3 and Supplementary Table 2 ). To encompass a range of genetic variation, we included multiple exemplars from each genus used in our mimicry analysis. These specimens represent most major syrphid clades. Four species of Microdon, the putative sister group to the rest of the syrphids 27, 28 , were used as outgroup taxa.
The 59 region of the gene encoding cytochrome oxidase c subunit I (COI) was sequenced for each specimen in accordance with the methods outlined in ref. 32 ) was used to determine the best model (GTR1I1G) for analysis. Four chains (three hot, one cold) were run simultaneously for 5 million generations. Trees were sampled every 1,000 generations and each simulation was run twice. At 5 million generations the standard deviation was 0.03195. After the discard of the first 500,000 samples as burn-in, 9,002 trees were used to generate a majority-rule consensus tree, posterior probabilities for each node, and branch length estimates. The resulting phylogeny is largely congruent with other published results that used nuclear loci 27 and contains multiple taxa per genus, which acts as a major control for the single mitochondrial marker. Reassuringly, the resulting phylogeny supported monophyly for all genera apart from identifying two paraphyletic genera that have been suggested as such in the literature (Cheilosia 33, 34 and Eupeodes
34
; Supplementary Fig. 6 ). Finally, using additional 28S sequences for a subset of 15 species (see Supplementary Table 4 for accession numbers), we find a significant correlation between the phylogenetic distances of the COI128S and COI-only trees (Mantel test for phylogenetic distances, r 5 0.680, P , 0.0001), suggesting that our COI phylogeny is an adequate representation of the phylogenetic relationships between the species in our analysis.
Relationships between variables were first evaluated without control for phylogenetic autocorrelation by using Pearson correlations. Autocorrelation was incorporated into a second analysis by using the corGrafen function in the ape library 35 in R (ref. 26) to create a covariance matrix based on species from the tree structure described above. The gls function in the nlme package 36 was then used to perform the test. For the abundance analysis, Pearson correlations between variables were used in the MetaTable function in the psychometric package 37 in R to calculate the weighted-mean correlation, r, for all 11 studies. This statistic does not have an associated P value, but 95% confidence intervals for the coefficient were calculated and can be used to determine significance. To control for phylogenetic autocorrelation, t-statistics from the generalized leastsquares regression analyses of abundance were converted to Pearson correlation coefficients, where r 5 t/!(n 2 2 1 t LETTER RESEARCH
